Introduction
Amperometric enzyme biosensors for detection of blood sugar are the most common commercialized biosensors; they help diabetes mellitus patients to monitor their daily sugar levels. [1] [2] [3] The typical design for a biosensor comprises a combination of transducers (electrodes) and biological components (enzymes) 4, 5 used to discriminate the target molecules in the presence of various chemicals. Glucose oxidase (GOD) is the most common enzyme used as the biological component in glucose biosensors. 5 However, it has one drawback: enzymatic reaction depends strongly on the concentration of dissolved oxygen as electron acceptor. In contrast, the enzymatic reaction of glucose dehydrogenase (GDH) is independent of the dissolved oxygen. Therefore, reports of GDH-based amperometric biosensors have been increasing. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] A plasma-polymerized film (PPF) is synthesized by a glow discharge or plasma in the vapor phase. 17 The properties of the PPF include (a) the ability to be made extremely thin (<1 μm), (b) good adhesion to any substrate, (c) pinhole-free and flat surface structure, (d) mechanical and chemical stability (a result of its highly-branched and cross-linked structure), and (e) the capability to accommodate a large amount of biomolecules, such as enzymes, antibodies, and oligonucleotides, which can be immobilized onto the surface of the film. In fact, our groups have already reported GOD-based amperometric biosensors. [18] [19] [20] Our subsequent goal was to extend amperometric biosensors based on the PPF technique to GDH-based devices. Two kinds of GDH have been reported: one is NAD(P)-dependent [6] [7] [8] [9] [10] [11] [12] and the other is pyrroloquinoline quinone (PQQ)-dependent. [13] [14] [15] [16] In this research, we chose NAD-dependent as a model of GDH family and here we report the usefulness and effectiveness of PPFs in GDH amperometric biosensors.
Experimental

Reagents
Distilled water, potassium dihydrogenphosphate, disodium hydrogenphosphate, D-glucose, nitric acid, acetone, acetonitrile, and glutaraldehyde were purchased from Kanto Chemical Inc. (Tokyo, Japan). NAD(P)-dependent glucose-dehydrogenase (EC 1.1.1.47) was purchased from Wako (Osaka, Japan). β-Nicotinamide adenine dinucleotide (NAD) was purchased from Sigma (St. Louis, MO).
Device fabrication
The device was formed on a 150-μm-thick glass substrate. Its planar dimensions were approximately 50 × 50 mm 2 . All metal layers were sputter-deposited and patterned with a mask. The glass slides used to make the thin film electrodes were boiled in a hydrogen peroxide/ammonia/water solution (approximately 1:1:8 by volume) for 1 h and then rinsed with water and acetone. The metal thin films were sputtered using an apparatus manufactured by Ulvac, Inc. (VEP-1000, Tokyo, Japan). First, a 30-nm-thick chromium (Cr) intermediate layer was used to promote the adhesion of the gold layer. Subsequently, a gold film (thickness 300 nm) was deposited and its thickness was determined using a surface profiler and a quartz crystal microbalance. A novel design is described for an amperometric biosensor based on NAD(P)-dependent glucose dehydrogenase (GDH) combined with a plasma-polymerized thin film (PPF). The GDH is sandwiched between several nanometer thick acetonitrile PPFs on a sputtered gold electrode (PPF/GDH/PPF/Au). The lower PPF layer plays the role as an interface between enzyme and electrode because it is extremely thin, adheres well to the substrate (electrode), has a flat surface and a highly-crosslinked network structure, and is hydrophilic in nature. The upper PPF layer (overcoating) was directly deposited on immobilized GDH. The optimized amperometric biosensor characteristics covered 2.5 -26 mM glucose concentration at +0.6 V of applied potential; the least-squares slope was 320 nA mM -1 cm -2 and the correlation coefficient was 0.990. Unlike conventional wet-chemical processes that are incompatible with mass production techniques, this drychemistry procedure has great potential for enabling high-throughput production of bioelectronic devices. An acetonitrile PPF was deposited onto the gold electrode with a plasma generator. The deposition conditions were as follows: power, 150 W; pressure, 1 Pa; deposition rate, 6 nm/min. The surface of the acetonitrile PPF had a multitude of amino groups to which enzyme molecules could be immobilized. 21 Lastly, the enzyme was immobilized. Some 0.25% aqueous glutaraldehyde solution was added dropwise to the surface of the acetonitrile PPF, followed washing with water for 10 min. Next, the enzyme solution (2000 units/mL GDH in 20 mM, pH 7.4 phosphate buffer) was added dropwise to the surface of the PPF, followed by washing with water 1 h later. For adding the PPF-overcoating layer made of acetontrile monomer to the enzyme-immobilized surface, plasma deposition was carried out under the same conditions as were used for the deposition for under PPF. The devices were stored in the refrigerator at 4˚C until use.
Electrochemical measurement
Cyclic voltammetry and time-based measurements were performed with an electrochemical analyzer (ALS Instruments, Model 701A West Lafayette, IN).
The three-electrode configuration was used. A reference electrode (Ag/AgCl, RE-1C) and a counter electrode (Pt) were purchased from Bioanalytical Systems Inc., and the working electrode was the PPF/GDH/PPF/Au device. Electrochemical measurements were carried out in a 10-mL vessel at ambient temperature (22 ± 1˚C). A phosphate buffer (20 mM, pH 7.4, including 0.5 mM NAD) was used as the supporting electrolyte. To prepare samples at designated concentrations, we diluted a stock solution of 0.1 or 1 M glucose.
Results and Discussion
Optimization of thickness of the first PPF Figure 1 shows the cyclic voltammograms obtained with the GDH/PPF/Au device in the absence and presence of glucose as a function of PPF thickness. Upon addition of glucose the voltammograms changed, with an increase in the oxidation current at around +0.6 V. The sensor response was due to the following enzymatic reaction:
NAD + is a major electron acceptor in the oxidation of glucose, during which the nicotinamide ring of NAD + accepts a hydrogen ion and two electrons, equivalent to a hydride ion. The reduced form of this carrier generated in this reaction is called NADH, which can be electrochemically oxidized at the polarized potential of ca. 0.6 V vs. Ag/AgCl, i.e., the electron transfer occurs at the Au anode as in the next equation:
The current observed for the electrode with the first PPF layer (GDH/PPF/Au, Figs. 1b -1d) after glucose addition was much larger than that for the electrode without the PPF layer (GDH/Au, Fig. 1a ), and this difference indicates that the first PPF layer acts as an interface between the Au electrode and the GDH. A densely packed array of GDH molecules can be probably formed on the hydrophilic surface of acetonitrile PPF more easily than on a bare Au electrode. The structure of the acetonitrile PPF consisted of highly branched and incompletely crosslinked aliphatic hydrocarbon backbone chains. The film contained an abundance of nitrogen atoms in the form of various functional groups, of which 32 percent were primary amines. 21 These amino groups facilitated the immobilization of GDH via covalent bonding with the bifunctional reagent glutaraldehyde. The substrate (glucose) and coenzyme (NAD) were simultaneously positioned in the vicinity of the active site of the enzyme (GDH), so that the GDH immobilized on the surface of the PPF retained its activity. The foregoing conclusion is supported by a report 22 that polyethyleneimine stabilized GDH just as the acetonitrile PPF did.
If we compare Figs. 1b and 1c, we see that the current due to glucose addition of device with 6-nm-thickness PPF was larger than that with 4-nm-thickness PPF. The reproducibility of the current response of the device with 4-nm-thickness was poor, probably because the 4-nm-thickness of PPF was too thin to be completely covered with Au surface. As a result, the amount of immobilized PPF was less than that with 6-nm-thickness. If we compare Figs. 1c with 1d , we see that the current due to glucose addition of device with 6-nm-thickness PPF was larger than that with 12-nm-thickness PPF. This is because the 12-nm-thickness PPF on the Au electrode appears to present a diffusion barrier to NAD. Therefore, the optimum PPF thickness on Au electrode was 6 nm.
Optimization of thickness of the second PPF and sensor characteristics
The optimization of PPF-thickness on immobilized GDH (overcoating) is demonstrated. Figure 2 shows the steady state amperometric response at +0.6 V of the electrode as a function of PPF-thickness for overcoatings (PPF/GDH/PPF/Au). The stepped increase of glucose addition is observed. The remarkable characteristic is the small background current (0.01 -0.06 μA) compared with the current for the glucose response (>1 μA for 4.9 mM glucose), indicating that there is no need to calibrate the baseline for the glucose measurement. This is because the nano-sandwich structure and the permiselective coating of the first PPF layer on the Au electrode provide effective electrochemical communication.
If we compare Figs. 2a with 2b, we see that the current of the device with PPF-overcoating layer was smaller than that without PPF-overcoating. This means that the PPF-coating reduced the diffusion of NAD. Since one dimension of GDH protein was ca. 10 nm from the crystallographic data, 23 the immobilized GDH array on PPF surface was probably covered with the 9-nm-and 18-nm-thickness PPF-coatings. 24 From Figs. 2b and 2c , we see that the response times (to reach 90% of the steady-state current) of the device with 9 nmthickness PPF-overcoating were 25 s, whereas those with 18 nmthickness was 105 s. The difference is because the 18 nmthickness PPF blocked the access of the substrate (glucose) more strongly than the 9 nm-thickness PPF. Figure 3 shows the current vs. glucose concentration based on the data from Fig. 2 . The characteristics of this device display better linearity (r = 0.990) in 9-nm PPF overcoating than that in no overcoating (r = 0.938). The electrochemical responses were differentiated well enough to cover the clinically significant concentration range of glucose within the dynamic range of the sensor. Deviation from linearity is observed at higher (>20 mM) glucose concentrations, representing a typical characteristic of the Michaelis-Menten model. The apparent Michaelis-Menten activity (K M app ) of the immobilized enzyme was calculated according to the Lineweaver-Burk plot shown in the inset of Fig. 3 . According to this, the K M app is calculated to be 15 mM, whereas that of no overcoating was 9.5 mM. This means that the PPF overcoating plays a role as the diffusion control barrier of glucose and electrochemical species, as a result, the K M app was shifted to higher concentration. Thus, the dynamic range of 9-nm thickness was wider than that of no overcoating. Therefore, the optimum PPF thickness for GDH overcoating was 9 nm. Figure 4 shows a comparison of the amperometric response due to an interferant (ascorbic acid) and that due to glucose. The maximum level of ascorbic acid under physiological conditions is 0.5 mM. The response error of 2.5 mM glucose to 0.5 mM ascorbic acid was 40%, indicating that both of NAD and ascorbic acid pass through the PPF layer. However, the device can be used as a sensor for monitoring of blood sugar level for diabetes.
Even though GDH was exposed to high energy plasma gas, it was remarkable that the enzyme activity was retained. This means that under mild exposure to organic plasma (only 1 min), the enzyme does not become seriously dysfunctional. Our group has already reported that the other enzyme (GOx) treated by plasma retained its activity. 24 Therefore, this fact can diverse the process for dry-chemical base biosensors and biochips. Figure 5 shows the operational stability under continuous polarization at +0.6 V in the presence of 9.6 mM glucose. For the device without the second PPF coating, the current decreased to 80% of the initial current after 110 h, due to leaching of the GDH.
In contrast, the electrochemical response of the optimized device with the second PPF layer retained a current response of more than 95%. This suggests that GDH overcoated with a second acetonitrile PPF layer is more stable than that with no overcoating. This is supported by the fact that a cationic polyelectrolyte stabilizes the tertiary structure of protein.
25,26
Conclusions
We have demonstrated the usefulness of an amperometric enzyme biosensor utilizing the complex of NAD-dependent GDH and PPF. Our data showed that the acetonitrile PPF played a role as the interface between the reaction center of the enzyme and the electrode. The most common recent biosensor designs are typically fabricated using micromachining and/or silicon technology processes, such as vacuum evaporation, plasma etching, photolithography and lift-off. 27 Therefore, our method and results are likely to prove helpful for the design and development of a new generation of biosensors and bioassays.
